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Abstract 
ClearPEM is a high resolution PET scanner dedicated to breast imaging that offers good lesion detectability and 
localization. To obtain quantitative images, corrections need to be applied to the acquired data, but since there are no 
transmission sources available, only emission data can be used. In this paper we present the application of a method for 
scatter correction - Estimation of Trues Method (ETM) - to data acquired with the ClearPEM scanner. This approach is 
based on the energy of the detected photons and can be implemented in the image domain. Also, it is applicable in cases 
where a large amount of activity exists outside the field of view and does not require transmission information. ETM is 
being validated with real data from acquisitions with gelatin phantoms, showing improvements in image contrast and thus 
potentially increasing the detectability of lesions. 
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1. Introduction 
Nowadays, breast cancer is the second leading cause of cancer deaths (overcome by lung cancer) in women 
(excluding non-melanoma skin cancers) [1]. 
To improve the diagnosis of this disease, the ClearPEM detector is being developed and tested by the 
Portuguese PET–Mammography Consortium within the framework of the International Crystal Clear 
Collaboration at CERN. This system is a high-resolution scanner for breast cancer, having an improved 
detection sensibility when compared to conventional PET scanners. Furthermore, ClearPEM provides a more 
accurate localization of the lesions. However, since ClearPEM doesn’t have neither transmission sources nor 
CT available, data corrections using only emission data are being developed such as normalization, 
attenuation, scatter, random, decay and patient movement with the goal of improving lesion detectability [2].  
In this paper, we describe the application of an energy-based correction algorithm, the Estimation of Trues 
Method (ETM), to real PEM data. We chose this method because it can accurately estimate the scatter when 
exists a large amount of activity outside the Field Of View. Moreover, since acquired data is saved in list-
mode format, it is simple to select data within specific energy windows after the acquisition. We performed 
some tests in gelatin phantoms with “hot” point sources of different diameters. The method was also applied 
to real patient data. 
In this paper, a short review of scatter correction methods is presented in Section 2, referring not only 
software approaches but also with hardware-based approaches. In Materials and Methods (Section 3) we 
discuss the reconstruction methods applied to the data acquired in the ClearPEM scanner. We also briefly 
describe the phantoms used in the acquisitions.  
2. Scatter correction in PET 
One of the major problems in nuclear medicine imaging is scatter, which comes from the detection of 
coincidence events (two photons detected in coincidence) where at least one photon has undergone Compton 
scattering in the object or in the detector. Scatter results in a loss of contrast in reconstructed PET images and 
in “false” regions of activity (for example, outside the patient the reconstruction procedure assigns positive 
values of activity due to scatter, although no true activity exists) [4]. In order to reduce these problems, several 
scatter correction algorithms have been developed. The review by Zaidi and Koral [5] refers four broad 
categories, but another one can be included [5]: 
x Multiple-energy (spectral-analytic) approaches; 
x Convolution/deconvolution-based approaches; 
x Approaches based on the direct estimation of the scatter distribution; 
x Statistical reconstruction-based scatter compensation approaches; 
x Hardware approaches using coarse septa or beam stoppers.  
2.1. Multiple-energy (spectral-analytic) approaches 
Improvements in detector energy resolution and in 3D acquisition mode allowed the implementation of 
scatter correction based on energy windows [6]. 
Some groups studied the acquisition process considering two [7, 8], three [9] and multiple [10] energy 
windows. Regarding two energy windows, two methods have been proposed, one estimating the scatter 
component in the photopeak window with data (events) recorded in a lower energy window (just below the 
photopeak) and another estimating the unscattered component in the photopeak window using unscattered 
data recorded from an upper energy window (just above photopeak). The dual energy window (DEW) method 
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belongs to the first type, whereas the estimation of trues method (ETM) belongs to the second [3]. The triple 
energy window method uses two energy windows below the photopeak window and a regular window 
centered at the photopeak and adjacent to the low windows. Multiple energy windows methods use a very 
large number of windows (usually 256) of the same energy width (16 keV by 16 keV for the two coincident 
photons). The spatial distribution of scattered and unscattered components in each window can be calculated 
using simple mono-exponential functions [5]. The method proposed by Chen et al. [4] uses energy-dependent 
weights. These weights are obtained from a precomputed table by averaging Monte Carlo calculations for a 
variety of activity and attenuation distributions representative of clinical situations. Another method proposed 
by Popescu et al. [4] takes advantage of the difference between the energy spectra of the scattered and the 
unscattered photons. Moreover, this algorithm can characterize events in four categories: (1) both photons 
unscattered; (2) the first photon scattered and the second unscattered; (3) the second photon scattered and the 
first photon unscattered; and (4) both photons scattered [4].  
2.2. Convolution/deconvolution-based approach 
Both convolution and deconvolution methods assume that the spatial distribution of scatter coincidences 
varies slowly in space [11] and estimate the scatter distribution from the standard photopeak data [3]. As first 
approximation, convolution techniques use the measured distribution since the real distribution is unknown. 
Notice that measured distribution is composed of the real distribution and the scatter coincidences. The 
process of scatter estimation is then repeated iteratively. 
Deconvolution techniques restore the true distribution by deconvolution of the measured distribution with a 
measured kernel.  
2.3. Approaches based on the direct estimation of the scatter distribution 
These methods assume that the distribution of scattered coincidences can be calculated from emission and 
transmission measurements, using a physical model of radiation emission, attenuation, scatter and detection 
processes. Analytic model-based scatter-correction algorithms generally use both the PET emission and 
transmission scans and a mathematical model of the scanner incorporating the physics of Compton scattering 
in a forward calculation of the number of events for which a single photon of the coincidence pair has 
undergone a Compton interaction [12, 13, 14, 15, 16, 4]. The referred condition occurs in approx. 75% of total 
detected scattered events.  
Single Scatter Simulation (SSS) is a well-known method based on the direct estimation of the scatter 
distribution [3, 11]. Multiple Compton scattered coincidences are modeled with simple approximations: 
through the convolution of the single scatter distribution with a onedimensional gaussian kernel [17] or by 
multiplication of a scale factor [15].   
2.4. Statistical reconstruction-based scatter compensation approaches 
This method is based on the knowledge that: 1) the distribution of scattered events has mainly low-
frequency components; 2) these low-frequency components converge faster than high-frequency ones in 
successive iterations of statistical reconstruction methods like ordered subsets – expectation maximization 
(OSEM) reconstructions [3, 18].  
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2.5. Hardware approaches using coarse septa or beam stoppers 
The use of coarse septa in 3D mode gives higher sensitivity results than the ones obtained with the 2D 
acquisition mode using interslice septa. Beam stoppers approaches use a beam stopper device made of lead 
placed around the patient to attenuate the primary beams, allowing the estimation of the scatter component 
directly in the sinogram domain from those Lines of Response (LORs) blocked by stoppers [4].  
3. Materials and Methods  
In this section, the energy-based method used to correct scatter in phantoms is described – the Estimation 
of Trues Method. Also, it is referred how gelatin phantoms were designed and built to test the correction 
method. Finally, two phantoms reconstruction methods are present. 
3.1. Estimation of Trues Method (ETM) 
In an attempt to correct scatter in ClearPEM data, the ETM has been used.  
 
Fig. 1. Illustration of Estimation of Trues Method (ETM). The data acquired in the upper energy window is scaled so that the unscattered 
events in the two windows cancel out, leaving only the scatter component in the standard window. After smoothing to reduce statistical 
noise, this scatter distribution is subtracted from the standard energy window to provide the final unscattered estimate. In practice, some 
residual scatter exists in the upper window, resulting in a slight tendency to underestimate the scatter. Adapted from [19]. 
As stated in the previous section, data is recorded simultaneously in two energy windows: a standard 
acquisition window with a lower level discriminator (LLD) set to 350 keV and an upper level discriminator 
(ULD) set to 700 keV, and an upper energy window with LLD = 500 keV and ULD = 700 keV.  
The concept behind the ETM is the hypothesis that in the high energy window the scattered events are 
negligible and thus the unscattered component in this window can be related to the unscattered component in 
the standard energy window through a scale factor [5, 8]. Because of this, the unscattered component in the 
high-energy window can be related to the unscattered component in the standard-energy window through a 
scale factor. To get a scatter estimate in the standard window, a subtraction is made between the counts in the 
standard window and the counts in the high-energy window multiplied by the scale factor. The unscattered 
counts should ideally cancel out and only the scatter distribution in the standard window would remain, with 
an added statistical noise component (ideally unbiased). A Gaussian filter is then applied in order to smooth 
the scatter distribution and reduce this noise component. Finally, to get the corrected data without scatter, the 
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smoothed scatter estimate is subtracted from the standard energy window [8]. Fig. 1 shows an illustration of 
ETM applied to an uniform cylinder. Fig. 2 describes the main implementation of the method. 
 
Pseudo-Code 
v350 = reconstructed volume in standard energy window (350-700 keV) 
v500 = reconstructed volume in high energy window (500-700 keV) 
v500_scaled = v500 * scale factor 
scatter estimation = (v350 - v500_scaled)filtered with a Gaussian filter 
volume corrected = v350 - scatter estimation 
Fig. 2. Example of pseudo-code to implement the Estimation of Trues Method (ETM). In practice the data in each window has to be 
conveniently corrected for normalization, using a normalization correction adapted to each energy window. Adapted from [19].  
3.2. Gelatin phantoms 
To evaluate the scatter correction method performance, gelatin phantoms were used. These phantoms were 
produced using silicone molds, having spherical lesions with different dimensions [20]. The presented results 
were obtained in phantoms where the lesion-to-background ratio (LTB) was 20:1, which means the that “hot” 
spots are twenty times more intense than the background level. Fig. 3 shows a gelatin phantom positioned 
between two detector heads of the ClearPEM system (a dye was added to the activity in the hot spots, for easy 
visualization). Furthermore, different uptakes were considered (covering young and dense to old and fat 
breasts) to study lesion detectability with ClearPEM. The lesions uptake in our reconstructed results was 4.81 
kBq/ml [20]. 
 
  
Fig. 3. Breast phantom positioned between two detector heads [21]. 
3.3. Reconstruction methods 
The ClearPEM is a dual planar scanner and therefore it was necessary to develop specialized reconstruction 
methods. Two reconstruction algorithms were used. The first method, developed by Ferreira et al. [22] is a 3D 
LOR-based list-mode algorithm that projects each LOR through a uniform three-dimensional grid of points. 
Since LORs are back projected directly to the grid of points by using one of several possible criteria based on 
the distance of a point to a line, sinograms or other forms of histogram organization of the events are not 
necessary [22]. 
The second method was developed by Cao et al. [23] and is a dedicated implementation of the maximum-
likelihood expectation-maximization (MLEM) reconstruction algorithm in list-mode data for the ClearPEM 
scanner. This method processes the list-mode data during the reconstruction and corrects the voxel efficiency 
by pre-calculated efficiency maps based on flood phantom acquisitions [23].  
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4. Results and Discussion 
4.1. Reconstruction methods 
The orthogonal views of the reconstructed phantom (standard window, 350–750 keV) are shown in the first 
row of Fig. 4a and Fig 5a. In these images, the phantom was not corrected and it is possible to observe some 
scatter (violet regions outside the phantom, and light and deep blue regions inside the phantom). 
The second row represents the same slices of the phantom with the ETM scatter correction. Counts in the 
blue region decreased showing an effective correction of the scatter. 
 
a)  
 
b)  
Fig. 4. (a) Phantom reconstructed using reconstruction method by Ferreira et. al1 [22]. The top and middle rows show different views of 
the phantom without and with the ETM scatter correction, respectively. . The last row depicts the scatter estimate distribution. Randoms 
and attenuation correction were not applied. (b) Left column - correspondent to the middle column in Fig. 4(a). The horizontal and 
vertical lines in the images in the first column represent the profiles used to generate the plots seen in the middle and right images 
respectively (white: without scatter correction; cyan: with scatter correction; blue: estimated scatter distribution).  
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a)  
 
b)  
Fig. 5. (a) Phantom reconstructed using reconstruction method by Cao et. al1 [23]. The top and middle rows show different views of the 
phantom without and with the ETM scatter correction, respectively. The last row depicts the scatter estimate distribution. Attenuation 
correction was not applied. (b) Left column - correspondent to the middle column in Fig. 5(a). The horizontal and vertical lines in the 
images in the first column represent the profiles used to generate the plots seen in the middle and right images respectively (white: 
without scatter correction; cyan: with scatter correction; blue: estimated scatter distribution). 
As in Fig. 4a, Fig. 5a shows the effect of ETM method - a reduction of scatter distribution. This is visible in 
the second row, by comparison with the first row. Regarding the bottom row of both figures, we can verify 
that ETM method estimates a scatter distribution that corresponds to would be expected in this situation. In 
each row of the figures, the color scale is normalized to the maximum of each volume. 
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5. Conclusion 
The ETM method was successfully applied to gelatin phantoms achieving a reduction in the scatter 
component. Further validation of the method continues, with other corrections, such as randoms and 
attenuation correction being currently validated. For this reason, contrast values in defined Region Of Interest 
were not yet measured. The LLD in the upper energy window can be changed to 525 or 550 keV in order to 
obtain an improved residual scatter fraction in the corrected data, but it is necessary to take into account the 
lower number of true coincidences detected in these windows, which requires more smoothing of the scatter 
estimate in order not to increase noise in the final image. Furthermore, we need to develop an automatic 
method for the correct determination of the scale factor that multiplies the counts in the high energy window 
in order to obtain a reliable estimate of the true events in the standard window.  
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